
Citation: Santamaría Barragán, A.;

Catalán, M.; Martos, Y.M. The

Evolution of Powell Basin (Antarctica).

Remote Sens. 2024, 16, 4053. https://

doi.org/10.3390/rs16214053

Academic Editors: Manuel Berrocoso

Domínguez, Gonçalo Prates and

Cristina Torrecillas

Received: 12 September 2024

Revised: 20 October 2024

Accepted: 24 October 2024

Published: 31 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

The Evolution of Powell Basin (Antarctica)
Alberto Santamaría Barragán 1,* , Manuel Catalán 2,† and Yasmina M. Martos 3,4,5

1 Chemistry Science Building, University of Salamanca, 37008 Salamanca, Spain
2 Formerly at the Department of Geophysics, Royal Observatory of the Spanish Navy,

11100 San Fernando, Spain
3 Planetary Magnetospheres Laboratory, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA;

yasmina.martos@nasa.gov
4 Department of Astronomy, University of Maryland, College Park, MD 20742, USA
5 Center for Research and Exploration in Space Science &Technology II, Greenbelt, MD 20771, USA
* Correspondence: betobaltanas@usal.es
† Deceased.

Abstract: Powell Basin is an ocean basin formed as a result of the Scotia Sea evolution. The existing
tectonic models propose a variety of starting and ending ages for the spreading of the basin based on
seafloor magnetic anomalies. Here, we use recent magnetic field data obtained from eight magnetic
profiles in Powell Basin to provide insights into the oceanic spreading evolution. The differences
found between the number of anomalies on both sides of the axis and the asymmetry in the spreading
rates suggest different opening models for different parts of the basin. We propose a spreading model
starting in the late Eocene (38.08 Ma) and ending in the early Miocene (21.8 Ma) for the northern part
of Powell Basin. For the southern part, the opening started in the late Eocene (38.08 Ma) and ended in
the middle Paleogene (25.2 Ma). The magnetic data have been combined with gravity and sediment
thickness data to better constrain the age models. The gravity and sediment thickness information
allow us to more accurately locate the position of the extinct spreading axis. Geothermal heat flow
measurements are used to understand the relationship between the low amplitudes of the magnetic
anomalies and the heat beneath them. Our proposed oceanic spreading models suggest that the
initial incursions of the Pacific mantle outflow into the Powell Basin occurred in the Oligocene, and
the initial incursions of oceanic currents from the Weddell Sea occurred in the Eocene.

Keywords: magnetic anomalies; oceanic spreading; asthenospheric currents; oceanic currents

1. Introduction

Continental drifting is a major geological process that involves the movement and
evolution of continental land masses [1]. There are several geological and geophysical
methods (e.g., magnetic anomalies, paleontology, paleomagnetism, and structural geology)
that are frequently used by the community to provide information on the understanding of
continental drifting processes. The study of magnetic anomalies is one of the most widely
used methods to study these processes since it provides constraints for understanding the
geodynamic history and evolution of a region [2,3].

Great examples of plate tectonics and oceanic spreading are found in the Scotia Sea and
surrounding areas as a consequence of the separation of the South American plate from the
Antarctic plate [4,5]. For example, the Dove, Ona and Protector Basins are in the southern
part of the Scotia Sea, and the Powell Basin is located to the northeast of the Antarctic
Peninsula (Figure 1). The study of these basins through various geophysical and geological
data and techniques provides information and constraints about the geodynamic evolution
of this region as well as the continental break up of South America and Antarctica.
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Figure 1. Scotia Sea and Powell Basin setting. (A) Bathymetry and geological setting of the study 
area (modified from Global Multi-Resolution Topography data grid GMRT [6]). The red dot indi-
cates the geographical position of the magnetic observatory in Livingston Island. (B) Bathymetry 
map of the Powell Basin with magnetic profiles obtained during the ElGeoPoweR expedition. Mor-
phological and oceanographic features: AP, Antarctic Peninsula; DB, Dove Basin; JB, Jane Basin; OB, 
Ona Basin; PB, Powell Basin; Pib, Pirie Basin; PrB, Protector Basin; SB, Scan Basin; SFZ, Shackleton 
Fracture Zone; SOM, South Orkney Microcontinent; 1, Active fracture zone; 2, Transcurrent fault; 3, 
Active subduction zone; 4, Active spreading center; and 5, Active extensional zone. Water masses: 
CDW, Circumpolar Deep Water; WSDW, Weddell Sea Deep Water. 

Seafloor spreading models derived by studying oceanic magnetic anomalies are, in 
occasions, subject of debate, proposing different ages for the opening and evolution of 
basins and providing different views of geodynamic evolution characteristics [7–10]. Also, 
other kinds of crustal magnetic anomalies provide insights into continental break-up, sub-
duction, or other geodynamic processes. In the case of the Antarctic Peninsula and 

Figure 1. Scotia Sea and Powell Basin setting. (A) Bathymetry and geological setting of the study
area (modified from Global Multi-Resolution Topography data grid GMRT [6]). The red dot indicates
the geographical position of the magnetic observatory in Livingston Island. (B) Bathymetry map of
the Powell Basin with magnetic profiles obtained during the ElGeoPoweR expedition. Morphological
and oceanographic features: AP, Antarctic Peninsula; DB, Dove Basin; JB, Jane Basin; OB, Ona Basin;
PB, Powell Basin; Pib, Pirie Basin; PrB, Protector Basin; SB, Scan Basin; SFZ, Shackleton Fracture
Zone; SOM, South Orkney Microcontinent; 1, Active fracture zone; 2, Transcurrent fault; 3, Active
subduction zone; 4, Active spreading center; and 5, Active extensional zone. Water masses: CDW,
Circumpolar Deep Water; WSDW, Weddell Sea Deep Water.

Seafloor spreading models derived by studying oceanic magnetic anomalies are, in
occasions, subject of debate, proposing different ages for the opening and evolution of
basins and providing different views of geodynamic evolution characteristics [7–10]. Also,
other kinds of crustal magnetic anomalies provide insights into continental break-up,
subduction, or other geodynamic processes. In the case of the Antarctic Peninsula and
surrounding areas, magnetic data have allowed the identification of the Pacific Margin
Anomaly (PMA), which is a batholitic complex with a high amplitude magnetic anomaly
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signature that can be observed in places like the South Shetland Islands and the South
Orkney Microcontinent [11–13].

The geodynamic evolution of the Powell Basin as well as its geographic location
(Figure 1) is of great interest as it provides information on (1) the break-up history of the
South Orkney Microcontinent (SOM) from the Antarctic Peninsula [13–15], (2) the evolution
of oceanic currents between the Weddell Sea and Scotia Sea [16,17], and (3) the presence of
asthenospheric flows [18–21].

The multidisciplinary Antarctic expedition “ElGeoPoweR” was carried out in January
2022. During this survey, new geothermal heat flow and magnetic field measurements
were collected in Powell Basin, including eight magnetic profiles perpendicular to the
spreading axis (Figure 1B). The objectives of our study are to propose an updated oceanic
spreading model that sheds light on the geodynamic evolution of the Powell Basin and the
continental drift of the SOM and to evaluate their regional consequences on oceanic and
asthenospheric currents.

2. Geological Setting

During the Oligocene, the Drake Passage opened as a consequence of the separation
of South America and the Antarctic Peninsula. The tectonic events led to the separation
of continental blocks forming the Scotia Sea [6,13,22–26]. A series of small oceanic basins
(e.g., Protector Basin, Dove Basin, Ona Basin, Scan Basin, and Powell Basin) (Figure 1)
formed in the southern part of the Scotia Sea and in the Weddell Sea as a result of the
tectonic extension [27–30].

Our study area, Powell Basin, is bounded by three continental boundaries and one
oceanic boundary. The continental boundaries are the Antarctic Peninsula to the west (AP),
the SOM to the east, and the South Scotia Ridge (SSR) to the north. The oceanic boundary
is the Weddell Sea to the south (Figure 1) [14,31].

Tectonically, the evolution of the Powell Basin remains under discussion. The exis-
tence of low-amplitude magnetic anomalies throughout the basin has been the subject of
controversy for years. These low amplitudes are the reason why assigning accurate ages
for the opening and evolution of the basin by using oceanic spreading magnetic anomalies
is so complex [7,14,20,32,33].

Some authors [14] propose an evolutionary model of the Powell Basin from 29 to 23 Ma
using seismic reflection, gravity and magnetic data. They suggest that Powell Basin is a
back-arc basin formed as a result of the opening of the Scotia Sea. Using seismic reflection
and refraction, ref. [32] proposed a three-phase evolutionary model for the basin: (i) pre-
rifting, (ii) rifting, and (iii) oceanic spreading. Also, ref. [34], using multichannel seismic data,
proposed three stages with associated ages: (i) a rifting starting at 27 Ma, (ii) an asymmetric
spreading of the basin up to 18 Ma generating (iii) the rotation of SOM towards the NE.

Two phases of tectonic evolution, rifting and spreading, have been identified by
several authors [7,10,35,36]. Using multichannel seismic profiles and magnetic data, ref. [34]
estimated the evolution of the basin happening from the late Eocene (38–34 Ma) to the
early Miocene (23–20 Ma). In [36], the scholars proposed a model in which spreading
started at 28 Ma and lasted until 17 Ma. Then, active spreading is greatly reduced until its
termination at 4 Ma. A spreading period of 29–21 Ma has been suggested [7], with rates of
15–10 km/myr using profiles obtained from a magnetic anomaly grid that were computed
from combined aeromagnetic and ship data. A different spreading model with ages of
38–33 Ma and with spreading rates of 17–10 km/myr was proposed by [10].

Several authors have studied the extent of the oceanic crust of Powell Basin. Some
authors [7,35] indicate that their models are fully located on the oceanic crust, while [35]
suggest a smaller elliptical area in which oceanic spreading develops using magnetic anoma-
lies from a unique marine and multichannel seismic profile dataset. Other authors [33]
differentiate three types of crust according to their nature in the Powell Basin, including ex-
tended and thinned continental crust, intruded and thinned continental crust, and oceanic
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crust (see Figure 6 in [33] and our Figure 2). They proposed an area of oceanic crust in the
Powell Basin of a size smaller than those established in previous studies (e.g., [7,34]).

Remote Sens. 2024, 16, x FOR PEER REVIEW 4 of 18 
 

 

[33] differentiate three types of crust according to their nature in the Powell Basin, includ-
ing extended and thinned continental crust, intruded and thinned continental crust, and 
oceanic crust (see Figure 6 in [33] and our Figure 2). They proposed an area of oceanic 
crust in the Powell Basin of a size smaller than those established in previous studies (e.g., 
[7,34]). 

 

Figure 2. Magnetic signature of the Powell Basin. (A) Magnetic anomaly map of the Powell Basin.
Blue lines represent the magnetic profiles collected during the ElGeoPoweR expedition. (B) Magnetic
anomaly map of the Powell Basin high pass filtered 50 km and the magnetic anomaly wiggles
identified in each profile. PMA, Pacific Margin Anomaly; SOM, South Orkney Microcontinent; AP,
Antarctic Peninsula. 1. Oceanic crust boundary. 2. Intruded and thinned continental crust boundary.
3. Extended and thinned continental crust boundary (boundaries proposed by [33]).



Remote Sens. 2024, 16, 4053 5 of 18

Geothermal heat flow measurements indicate that the spreading phase in Powell
Basin ceased at 30.5 Ma [37]. Ref. [20] divided the basin into three areas where they estab-
lished a correlation between the geothermal heat flow measurements collected during the
ElGeoPoweR expedition and crustal magnetization. In addition, ref. [21] correlated geother-
mal heat flow distribution in the Powell Basin with the existence of an asthenospheric
current coming from the Pacific and entering the Scotia and Weddell seas.

The existence of asthenospheric currents during the formation of the Drake Passage
and the Scotia Sea have been studied by several authors. Some authors [21] suggest an
outflow current from the Pacific mantle through the Drake Passage that flowed freely in the
early stages of the formation of the Scotia Sea. Others [18,19] have identified the presence
of asthenospheric currents in the Scotia Sea based on gravity and heat flow studies. They
have proposed a possible connection of one of these currents with the Weddell Sea through
Powell Basin. Magnetic anomaly and geothermal heat flow studies [20,33] indicate the
presence of an asthenospheric current in Powell Basin that may represent the connection
between the Weddell Sea and the Scotia Sea. Ocean current and climate studies have been
conducted in Powell Basin to understand if its formation could have caused regional and
global changes. The Weddell Sea Deep Water (WSDW) is observed in the Powell Basin,
which is located in the northwestern part of the Weddell Sea [21,38,39]. This deep water
mass is part of the Antarctic Bottom Water (AABW) [40]. The AABW is composed of two
deep water masses: the Weddell Sea Bottom Water (WSBW) and the WSDW. The WSBW
has bathymetric limitations and is only found in the Weddell Gyre, while the WSDW flows
above it without limitations and connects with the Scotia Sea [38,40]. These water masses
are of great importance since they have a role in controlling and impacting the climate of
the surrounding regions during the evolution of the Scotia Arc [41].

Several authors have studied the evolution of ocean currents since the formation
of the Drake Passage, as well as its global impact (e.g., [15,17,21,25,38,41–45]). Ref. [17]
divided the oceanic basins located in the southern Scotia Sea into two types according
to their structural and sedimentary characteristics: external basins (Ona and Scan basins)
and internal basins (Protector, Dove, and Pirie Basins). The external basins were formed
during the initial stages of the opening of the Drake Passage. This process took place under
an ill-defined extensional regime, these basins present a WNW–ESE direction [5,24,43,44].
Ref. [17] established a model of the tectonic evolution and their impact in ocean circulation
and climate. They also observed changes in the marine sediments, indicating a regional
tectonic change in the evolution of the Scotia Arc in the early Miocene (~22 Ma) that
produced a change in the direction from WNW–ESE to W–E for the evolution of the
southern basins. Simultaneously, the rifting process in these basins would have ended up
with the formation of the internal basins [7,8,46]. Evidence of the WSDW intrusion into the
Scotia Sea is observed in the sedimentary record already in the middle Miocene, when the
rifting and spreading stages of the inner basins have ended [17]. Some authors [41] have
proposed ages of 12.6 Ma in their regional model for this change in the sedimentary record.
Other authors [42] have proposed ages from 14.2 to 8.4 Ma by studying the sedimentary
record of the IODP 382 expedition for this change. The initial incursions of the WSDW are
proposed to happen when the Jane Basin, connecting the Weddell Sea to the Scotia Sea, was
fully opened [6].

Simultaneously, the South Scotia Ridge (SSR) passages are open [47,48], and the SFZ
started it uplift in the mid Miocene [49]. The formation of the SFZ modified the water
masses circulation in the Drake Passage. This favored the onset of thermal isolation
in Antarctica and the evolution of Antarctica ice sheets [50]. This setting favored the
anticlockwise flow of the WSDW in the area of the SFZ and Ona Basin, connecting it to the
Pacific Ocean [17,42,50]. At 8 Ma, the final uplift of the SFZ occurred causing the migration
of the CDW to the north (see Figure 1) and splitting the WSDW in two branches, one
flowing to the Pacific and one to the north into the Scotia Sea, which increased the thermal
isolation of Antarctica [23,49,50].
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Sediments belonging to three different climatic stages (pre-glacial, transitional, and
glacial regimes) have also been identified in the Powell Basin [16]. Ref. [21] showed the
importance of geodynamics in the impacts of ocean current and global climate changes.
Therefore, Powell Basin is in a key location to understand the history of the drifting of the
SOM and the impact of the formation of the basin within an oceanic gateway.

3. Data and Methodology

In this section, we describe the different datasets used in our study as well as the
methodology to perform the ocean spreading models. The integration of different data
allows us to better constrain the oceanic spreading models and to determine the history
and impact of the Powell Basin.

3.1. Magnetic Data

During the ElGeoPoweR expedition, magnetic data were collected onboard of the
R/V Sarmiento de Gamboa using a SeaSpy 300 magnetometer from the Spanish Research
Council. A total of eight magnetic profiles (Figures 1B and 2) were performed in Powell
Basin. The profiles were SW–NE oriented, perpendicular to the spreading axis, and of an
approximate length of 200 km each. The acquired data were then combined with existing
profiles [51,52] to produce a new magnetic anomaly map of the area (Figure 2A).

Corrections were applied to the magnetic data once we obtained the position of the
sensor with respect to the ship. These corrections included (i) the diurnal variation to
remove the contribution of external magnetic fields using data from a nearby magnetic ob-
servatory in Livingston Island, (ii) the subtraction of the contribution of the core field using
the IGRF 13 model [53], and (iii) leveling corrections by applying a leveling algorithm [54]
to reduce positioning errors and obtain a corrected map.

Once we performed all corrections, we integrated data from previous surveys [51]
included in the World Digital Magnetic Anomaly Map (WDMAP) v2 [52] to create a new
magnetic anomaly grid of Powell Basin. To improve the coherence between the WDMAM
v2 data and our new marine magnetic data, we worked on leveling to obtain a magnetic
anomaly map of the Powell Basin (Figure 2A). Later, we used a 1D high-pass filter with
50 km as the cutoff wavelength to better discriminate the contribution of subsurface sources
(Figure 2B).

3.2. Gravity, Bathymetry, and Sediment Thickness Data

We used the global free air dataset with a 1-mile resolution [55] (Figure 3) to understand
the horizontal distribution of subsurface bodies. This allowed us to better constrain the
location of the extinct spreading axis in Powell Basin. The SRTM30plusv7 grid with a 1-km
resolution [56] was used for the seafloor topography. We used the sediment thickness grid
(see Figure 3C of [33]) obtained from the multichannel seismic profiles in Powell Basin.

3.3. Oceanic Spreading Modeling

We used Modmag software v1 [57] to create the oceanic spreading models. For this
purpose, we used the magnetic anomaly profiles collected during our expedition and
selected certain spreading rates for each evolutionary period during the evolution of the
basin. The spreading direction is represented by the actual position of each profile with
respect to the north since each was perpendicular to the ridge. We used the boundaries
proposed by [33] to locate the ocean–continent boundaries in the region and constrain the
ocean-related magnetic anomalies. The spreading axis was identified using gravity and
bathymetry data [33,56]. The Ogg Geomagnetic time scale [58] was used for age assignment.
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Figure 3. Free-air gravity map of the Powell Basin. The white dash line defines the geological
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indicate the position of the magnetic profiles. PMA, Pacific Margin Anomaly; SOM, South Orkney
Microcontinent; and AP, Antarctic Peninsula.

The structure of the oceanic crust is represented by two main magnetic layers [33]. The
upper layer, called layer 2A [59], is formed by titanomagnetite and presents a thickness
of less than 1 km. The lower layer is formed by dolerites and gabbros and presented a
thickness of 5 km [60]. Both layers contribute to the magnetic response, but only the upper
layer is responsible for the magnetic anomalies [61,62]. The magnetic layer that was used
in our model and was responsible for the observed magnetic anomalies was considered to
be 500-m thick starting at the top of the basement. Its topography was calculated based on
the sediment thickness obtained from multichannel seismic profiles from the Seismic Data
Library System (https://scar.org/library-data/data/seismic-data, (accessed on 5 August
2024) located in the Powell Basin and the seafloor bathymetry [33,56].

4. Results
4.1. Magnetic Signature of the Powell Basin

The magnetic anomaly map (Figure 2A) provides the opportunity to study the basin
by analyzing the amplitudes of the magnetic anomalies. Relatively short-wavelength and
low-amplitude anomalies characterize the central part of the basin. On the other hand,
the areas characterized by long-wavelength magnetic anomalies are in the northern and
western parts of the Powell Basin, which are associated with the PMA [63].

The filtered magnetic anomaly map (Figure 2B) allows us to investigate and differenti-
ate the anomalies in each profile and compare their amplitudes. This map also helps us
to locate the anomalies in the specific type of crust observed in the Powell Basin [33]. The
anomalies with higher amplitudes correspond to locations at the ends of profiles, coinciding

https://scar.org/library-data/data/seismic-data
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with areas of continental crust. Anomalies with intermediate amplitudes are found in the
continental–oceanic crust transition zones, and the lowest amplitudes characterize the
central part of the basin.

4.2. Position of the Extinct Spreading Axis

Some authors [35] have identified the spreading axis in the Powell basin; it is divided
into two ridges separated by a depression filled with sediments. The free-air gravity
anomaly map (Figure 3) allows us to locate the position of the extinct spreading axis by
analyzing the gravity values in the basin. The map shows moderate values (30–40 mGal)
for the area identified as oceanic crust [33]. Here, we identify a Y-shaped high anomaly
with two trends: (1) W–E presenting higher gravity values, which is in agreement with the
area where the magnetic anomalies of higher amplitudes are found, and (2) NW–SE trend
showing lower gravity values in the NW increasing toward the center of the feature. The
NW part coincides with the position of the low-amplitude magnetic anomalies. The space
between them marks the extinct spreading axis (see the blue dashed line in Figure 3).

The sediment thickness map (see Figure 3C in [33]) indicates that the sediment thick-
ness layer is thinner where the extinct spreading axis is located.

4.3. Oceanic Spreading Model

The filtered magnetic anomaly map of the Powell Basin (Figure 2B) is used to develop
the oceanic spreading models. This map allows us to detect the magnetic responses of the
layers that generate ocean floor anomalies with higher accuracies.

We use eight magnetic profiles (L1, L8) obtained in Powell Basin (Figure 2) to elaborate
an oceanic spreading model. The profiles are SW–NE oriented and are perpendicular to
the spreading axis. The profiles are projected perpendicular to the anomaly strike with a
N45◦E direction with respect to the geographic north. Our spreading model considers the
oceanic crust boundary proposed by [33] (see Figure 2A).

The differences between the spreading rates, the number of anomalies, and their
amplitudes in each profile and throughout the basin indicate that the evolutions in the
Powell Basin are different in the north and south. This is the basis for us to propose two
different evolution models: one for the north and one for the south (Figures 4 and 5).

For the north (profiles L1, L8, L2, L3, L4), we propose a spreading model between
38.08 Ma (Chron C17) and 21.8 Ma (Chron C6AA) with spreading rates ranging from 13
to 5 km/myr. In this area, we have identified a number of anomalies on both sides of the
extinct axis for each profile (see Figure 4). In the south (profiles L5, L6, L7), and based on
the number of observed magnetic anomalies, we obtain a spreading model from 38.08 Ma
(Chron C17) to 25.2 Ma (Chron C8) with spreading rates ranging from 10 to 5 km/myr
(Figure 5).
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Figure 4. Oceanic spreading model based on magnetic anomalies for the northern part of the Powell
Basin. (A) Magnetic profiles of Powell Basin (see Figure 2A for location). The light blue colors
represent the sections of the magnetic profiles where the anomalies are situated outside the oceanic
crust. This part of the profiles has not been used for modeling. The dashed vertical lines indicate the
limits of the oceanic crust. (B) Synthetic spreading model for 38.08–21.8 Ma. A0 corresponds to the
position of the extinct spreading axis. The identified anomalies are labeled as A. (C) Representation
of the magnetic layer of profile L3 including the basement topography and a thickness of 0.5 km.
Assigned Chrons are indicated here. (D) Spreading rates.
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Figure 5. Oceanic spreading model based on magnetic anomalies in the southern part of the Powell
Basin. (A) Magnetic profiles of the Powell Basin (see Figure 2A for location). The light blue colors
represent the sections of the magnetic profiles where the anomalies are situated outside the oceanic
crust. This part of the profile has not been used for modeling. The dashed vertical lines indicate the
limits of the oceanic crust. (B) Synthetic spreading model for 38.08–25.2 Ma. A0 corresponds to the
position of the extinct spreading axis. The identified anomalies are labeled as A. (C) Representation
of the magnetic layer of profile L3 including the basement topography and a thickness of 0.5 km.
Assigned Chrons are indicated here. (D) Spreading rates.

5. Discussion

Our data and oceanic spreading models, together with additional geophysical informa-
tion (e.g., heat flow, gravity anomalies, and sediment thickness) from other authors [20,33],
provide new insights into the formation and evolution of the Powell Basin.

5.1. Oceanic Spreading and the Evolution of the Powell Basin

Our recent magnetic anomaly data as well as our proposed oceanic spreading model
support a different timing for the evolution of the north and south parts of the Powell Basin.
The northern part of the basin evolved during a longer period (38.08–21.8 Ma) of time than
the south (38.08–25.2 Ma).

The difference in the numbers, spreading rates, and amplitudes of the anomalies
between the northern and southern parts of the Powell Basin help us to establish a different
symmetric model for each area. We also observe that there are differences when analyzing
the spreading rates geographically within the basin.

First, we analyze the spreading rates on both sides of each profile. We select pairs of
anomalies located in the oceanic crustal zones on both sides of each profile of a similar age.
By locating the position of the highest value of each anomaly with respect to the center of
the spreading zone in each profile (Table 1), we obtain its distance to the axis. This way,
we compare the spreading rates for the same anomalies on both sides of the spreading
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axis to understand possible asymmetries. This allows us to identify the process that may
have affected the development of the basin in both regions. We observe notable differences
between profiles in the same area (north or south) and between the two areas. The profiles
located in the northern part (L1, L8, L2, L3, L4) show larger differences in the spreading
rates compared to the profiles in the south. This difference is observed between profiles
L3 from the north and L6 from the south, where L3 presents a spreading rate value of
15.4 km/myr in anomaly A4 and profile L6 presents a value of 10.8 km/myr in anomaly
A2 (Table 1). However, these anomalies represent the same Chron, C17n (38.08 Ma). We
also observe differences in spreading rates within the same profile in the northern part
depending on its location with respect to the spreading axis. An example of this is observed
in profile L3; for the same anomaly (A4, see Table 1), we obtain different spreading rates at
both sides of the spreading axis: 14.2 km/myr on the east side and 15.4 km/myr on the
west (Table 1).

Table 1. The positions of the magnetic anomalies in each profile that are clearly recognized in the
oceanic crust at both sides of the spreading axis. The distance refers to the absolute distance from the
axis to the position of each anomaly. The ∆ distance is the distance between the clearly recognized
consecutive highs. The spreading rates are the values obtained for these anomalies. Asymmetry
is the difference between the spreading rates of the same magnetic anomaly at both sides of the
spreading axis.

West Ridge Part East Ridge Part

Profile Anomaly Distance
(km)

∆ Distance
(km)

Spreading
Rate (km/myr) Anomaly Distance

(km)
∆ Distance

(km)
Spreading

Rate (km/myr)
Asymmetry

(%)

L1

A1 11 11 4.2 A1 15 15 5.5 13

A2 26 15 8.3 A2 38 23 10.8 25

A3 40 14 11.4 A3 48 10 12.9 15

A4 55 15 14.8 A4 71 23 19 42

L8

A1 8 8 3.3 A1 5 5 2.1 12

A2 18 10 6.8 A2 15 10 5.5 13

A3 39 21 11.8 A3 36 21 11.2 6

A4 55 16 15.2 A4 50 14 14.2 10

L2

A1 10 10 4 A1 5 5 2.1 19

A2 23 13 7.9 A2 14 9 5.3 26

A3 45 22 12.8 A3 30 16 9.6 32

A4 55 10 15.2 A4 48 18 12.9 23

L3

A1 9 9 4 A1 8 8 3.6 4

A2 28 19 9.5 A2 19 11 7.5 20

A3 46 18 13.6 A3 32 13 10.3 33

A4 55 9 15.4 A4 48 16 14.2 12

L4

A1 10 10 4 A1 8 8 3.3 7

A2 27 17 7.9 A2 22 14 6.6 13

A3 52 25 14.3 A3 34 12 9.7 46

L5 A1 13 13 4.4 A1 12 12 4.2 2

L6
A1 12 12 4.3 A1 12 12 4.3 0

A2 40 28 10.8 A2 40 29 10.8 0

L7
A1 12 12 4.1 A1 13 13 4.3 2

A2 38 26 10.2 A2 38 38 10.2 0

For the profiles in the south (L5, L6, L7), we observe symmetry in the spreading rates
at both sides of the spreading axis. An example is observed in profile L6 where we obtain
the same spreading rates for all the anomalies located in this profile on both sides of the
spreading axis (Table 1).

We also compare the number of magnetic anomalies observed in the same profile
at both sides of the spreading axis and between profiles. The magnetic profiles obtained
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in the northern part of the basin are longer than those in the south, and the number of
magnetic anomalies observed in the north and the south differ. To compare both areas
and analyze the differences, the number of anomalies located on the oceanic crust in each
profile (oceanic spreading magnetic anomalies of each profile) is obtained (Table 2). For this
purpose, the magnetic anomaly highs are selected in each profile (white part of the wiggle
in each profile, see Figure 2B). The northern profiles show a higher number of anomalies
(8–9) than those located in the south (5–6) (see Table 2). Our results agree with those from
previous studies [7,33] regarding notable differences in the amplitudes of the magnetic
anomalies. We observe that the anomalies located in the north present lower amplitudes
than those in the south (Figure 2B).

Table 2. Number of anomalies identified in each magnetic profile and the total length of each profile.

Profile Nº Anomalies Oceanic Anomalies Profile Length (KM)

L1 11 8 200

L8 11 9 180

L2 12 9 203

L3 13 9 212

L4 10 8 202

L5 8 6 190

L6 7 5 179

L7 8 5 160

We find clear differences between the spreading rates of the northern and southern
profiles (Table 1). In the profiles located in the northern region, we observe an asymmetry
percentage of ~10% for anomalies close to the spreading axis. The asymmetry percentage
increases to values of ~35% in anomalies close to the continental crust. The values in the
southern profiles do not show asymmetry. Some of the spreading rate asymmetry can occur
due to the intrinsic error of picking the location of the high in each anomaly. We consider
that if the spreading rate differences are larger than 10%, the asymmetry likely exists

These results allow us to interpret an evolutionary model for the northern part of the
basin that is more complex than in the southern part. The main cause is the higher number
of anomalies and the loss of magnetization in the eastern part of each northern profile.
The loss of magnetization implies a modification of the magnetic response in the oceanic
crust during the process of the evolution of the basin. The southern part is interpreted as
a stage of greater tectonic calm due to the symmetry between the numbers, amplitudes,
and spreading rates of the anomalies. The higher numbers of magnetic anomalies in the
northern region (Table 2) indicate a longer spreading period for this area.

In addition, our synthetic models also differ from those proposed by other authors in
the past. Some reasons for the main differences are the orientation and kind of data (data
points vs. grided data) used to build the models. The model proposed by [7], hereafter
referred to as EL2002, generated the model extracting profiles from a magnetic anomaly
grid with an SSW–NNE orientation. While [10], hereafter referred to as SC2022, generated
the models using magnetic profiles and one seismic line. The orientations of the models
from SC2022 and from EL2002 are the same. Our data come from the profiles themselves
and are SW-NE oriented. Our data provide us with the opportunity to better observe the
trends of anomalies and the asymmetries in the spreading axis and to better constrain our
evolution model.

In order to understand the different timings and evolutions for Powell Basin, we
compare the data and models proposed by other authors [7,10] with ours (Figure 6). The
comparison with the EL2002 model is as follows. First, we identify the profiles they used to
build their model. This allows us to identify the length of each profile, the position of each
of the magnetic anomalies in the respective profile and their geographic location within
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the basin (see Figure 3B in [7]). We note that the profiles considered for our model in the
northern area of Powell Basin coincide with the geographical position of EL2002, which
allows us to make a detailed comparison between the two models. Later, we check if all the
ocean spreading magnetic anomalies proposed in their model are within the oceanic crust
boundaries defined by [33] as we use these boundaries to constrain our model.

Remote Sens. 2024, 16, x FOR PEER REVIEW 13 of 18 
 

 

the ocean spreading magnetic anomalies proposed in their model are within the oceanic 
crust boundaries defined by [33] as we use these boundaries to constrain our model. 

 
Figure 6. Comparison of EL2002 and our models. (A) Comparison of the positions of the magnetic 
anomalies in our profile L3 located in the northern area with the profile from EL2002. (B) Compari-
son of the positions of the magnetic anomalies obtained in the synthetic oceanic spreading models. 
The red dashed line represents the anomalies from the EL2002 synthetic model and their southern 
profile. The black line is our model. P1–P6 are the magnetic anomalies set in the profile from EL2002 
and the synthetic model. A1–A5 are the magnetic anomalies set in our synthetic model of the Powell 
Basin (Figure 4). The blue dashed vertical lines mark the boundaries between different types of crust 
(Figure 2A). The gray dashed vertical line indicates the position of the extinct spreading axis for both 
models. 

First, we compare the magnetic anomaly signal derived from one of our profiles with 
a profile of EL2002, and we then compare both synthetic models (Figure 6A,B). For the 
comparison of the individual profiles, we use our profile L3. We selected this profile be-
cause it shares the position of the extinct spreading axis with one of the profiles from the 
EL2002 model. This allows us to compare the magnetic anomalies of both models (Figure 
6A). We note that the anomalies P5 and P6 of the EL2002 model correspond to the conti-
nental crustal zones according to [33]. Within the oceanic crust, we observe a strong cor-
relation between the numbers and positions of the anomalies of EL2002 and ours (A1–A4 
and P1–P4) on the west side of the spreading axis. On the other hand, east of the spreading 
axis, we observe large differences: EL2002 identifies 4 anomalies (P1–P4) while we identify 
5 (A1–A5); we cannot establish a good correlation for this area of the basin. 

Finally, if we compare the synthetic models (Figure 6B), we find that the anomalies 
P5 and P6 can modify the result in an oceanic spreading model. The anomaly P5 is located 
in continental crust in the western part and in the boundaries between oceanic and conti-
nental crust in the eastern part. This makes us doubt the nature of these anomalies. The 
anomaly P6 is located in continental crust. The position of P6 indicates that it does not 
belong to the oceanic crust based on the boundaries proposed by [33]. In addition, only a 
small number of anomalies of the EL2002 model are located in the area proposed to be 
oceanic crust on both sides of the spreading axis. The EL2002 model identifies four anom-
alies, P1–P4, while we identify five, A1–A5, east of the extensional axis. Both models 

Figure 6. Comparison of EL2002 and our models. (A) Comparison of the positions of the magnetic
anomalies in our profile L3 located in the northern area with the profile from EL2002. (B) Comparison
of the positions of the magnetic anomalies obtained in the synthetic oceanic spreading models. The
red dashed line represents the anomalies from the EL2002 synthetic model and their southern profile.
The black line is our model. P1–P6 are the magnetic anomalies set in the profile from EL2002 and
the synthetic model. A1–A5 are the magnetic anomalies set in our synthetic model of the Powell
Basin (Figure 4). The blue dashed vertical lines mark the boundaries between different types of crust
(Figure 2A). The gray dashed vertical line indicates the position of the extinct spreading axis for
both models.

First, we compare the magnetic anomaly signal derived from one of our profiles with
a profile of EL2002, and we then compare both synthetic models (Figure 6A,B). For the
comparison of the individual profiles, we use our profile L3. We selected this profile
because it shares the position of the extinct spreading axis with one of the profiles from
the EL2002 model. This allows us to compare the magnetic anomalies of both models
(Figure 6A). We note that the anomalies P5 and P6 of the EL2002 model correspond to
the continental crustal zones according to [33]. Within the oceanic crust, we observe a
strong correlation between the numbers and positions of the anomalies of EL2002 and ours
(A1–A4 and P1–P4) on the west side of the spreading axis. On the other hand, east of the
spreading axis, we observe large differences: EL2002 identifies 4 anomalies (P1–P4) while
we identify 5 (A1–A5); we cannot establish a good correlation for this area of the basin.

Finally, if we compare the synthetic models (Figure 6B), we find that the anomalies P5
and P6 can modify the result in an oceanic spreading model. The anomaly P5 is located in
continental crust in the western part and in the boundaries between oceanic and continental
crust in the eastern part. This makes us doubt the nature of these anomalies. The anomaly
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P6 is located in continental crust. The position of P6 indicates that it does not belong to the
oceanic crust based on the boundaries proposed by [33]. In addition, only a small number
of anomalies of the EL2002 model are located in the area proposed to be oceanic crust on
both sides of the spreading axis. The EL2002 model identifies four anomalies, P1–P4, while
we identify five, A1–A5, east of the extensional axis. Both models obtain fewer anomalies
(P1–P3) and (A1–A4) in the western part. However, we can also establish a good correlation
between several anomalies proposed in the eastern part for both models: P2 with A3, P3
with A4, and P5 with A5.

We also make a similar comparison with the model SC2022. In this case, the spreading
axis is not established in the same location as the one in our model. The SC2022 model
proposes the spreading axis to be toward the NE with respect to our model (see Figure 5
in [10]). We determine that their oceanic spreading anomalies are located in continental
crust or transition zones based on the crustal boundaries proposed by [33].

We compare the extent of oceanic crust in Powell Basin considered by other authors
(e.g., [7,10,32]) with the one used to constrain our model [33]. We observe that the oceanic
crust limits proposed by previous authors are different from those proposed by [33]. We
consider that the anomalies that are located outside our oceanic crust limits do not corre-
spond to oceanic spreading magnetic anomalies, but rather correspond to fractures around
the extension close to the oceanic crust. Therefore, they present rifting fractures through
which magma exited, and they do not represent oceanic spreading magnetic anomalies that
can be used for modeling to accurately understand the history of the spreading in Powell
Basin. The existence of anomalies outside our limits of oceanic crust in the models proposed
by other authors (e.g., [7,10]) may be due to the different orientations in the profiles. These
are not perpendicular to the spreading axis and therefore do not strictly follow spreading
corridors, potentially crossing fracture zones. This is a source of uncertainty about the
assigned ages for the evolution of the basin, supporting the need to establish additional
stages for the spreading of the basin.

The seismic data presented by [32] in Powell basin do not identify a structure at the
bottom of the basin that differentiates the north and the south, but they allow the authors to
define the oceanic crustal region. Some authors [33] have identified the tectonic boundaries
of the Powell Basin and established a subdivision of the nature of the crust comprising
basin. The differences in the number of magnetic anomalies and the amplitudes between
the southern and northern profiles indicate that the evolutionary processes are different in
the southern and northern regions. We propose a zipper spreading model starting from a
common point located in the eastern part of the spreading axis. This model explains the
age difference between the southern and northern parts of the basin without the need of a
structure, like a transfer zone or fault, in the center of the basin.

5.2. Impacts of the Evolution of the Powell Basin

Our magnetic anomaly data obtained during our last cruise show higher amplitudes
(±25 nT) in the southern part of Powell Basin that are coincident with the region of
relatively high-gravity anomaly values. Lower magnetic anomaly amplitudes (±10 nT) are
observed in the NE part of the basin where the lowest gravity values are found (Figures 3–5).
The variation in the magnetic response of the oceanic crust can be explained by two
factors: hydrothermal circulation and heat. Some authors [7,32] indicate that the lower
amplitudes of the magnetic anomalies correspond to a hydrothermal alteration process.
Sediment thickness data from the Powell Basin (see Figure 3B in [20]) show constant
values throughout the basin, so we believe that it is not an adequate factor to explain
the amplitudes of the magnetic anomalies. Other authors [20] have proposed that the
magnetization signature as well as the geothermal heat flow values are driven by the
presence of an underlying asthenospheric flow. These authors have also obtained higher
heat flow values (105–117 mW/m2) in the northeastern part of Powell Basin coinciding
with the area where we and other authors (e.g., [7,32]) identify low-amplitude magnetic
anomalies (35–40 nT). Also, geothermal heat flow values decrease toward the south of
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Powell Basin (66 mW/m2), coinciding with the areas where the amplitudes of the magnetic
anomalies are higher.

The age proposed in our model for the onset of the oceanic crust in Powell Basin is
38.08 Ma (Eocene). From this age until the Oligocene, Antarctica and South America were
breaking up, which led to the formation of the Drake Passage and the Scotia Sea [25,45].
The Drake Passage formed as a consequence of the eastward movement of the Scotia Arc
since the Oligocene (34 Ma) [6,26,64]. The opening of the Drake Passage favored the future
development of the Scotia Sea. Several authors have studied the origin of oceanic crust in
the Scotia Sea and agree that oceanic crust has existed for at least 28 Ma (e.g., [65,66]). Some
authors [26] propose an older onset of oceanic crust of around 32 Ma in the Scotia Sea.

We consider the intrusion of an asthenospheric and oceanic current into the Powell
Basin to be related to the separation of the SOM from the Antarctic Peninsula. We also
believe that the development of a new ocean floor due to the onset of spreading in Powell
Basin may have facilitated the southern intrusion of oceanic currents from the Weddell
Sea at 38 Ma. According to the models of the Powell Basin evolution from other authors
(e.g., [7,34]), the migration of the SOM started in the Oligocene (32 Ma). The existence
of low-amplitude magnetic anomalies makes it difficult to establish more accurate age
models for the evolution of Powell Basin. In addition, the separation of the SOM and the
formation of oceanic basin produce lithospheric thinning that facilitates the incursion of
the asthenospheric current from the Scotia Sea into the Powell Basin.

We consider that the asthenospheric current incursion into Powell Basin occurred
at least 28 Ma, when oceanic crust in the Scotia Sea is identified by a number of authors
(e.g., [26,66,67]). Also, ref. [16] established the change from a pre-glacial climatic regime
to a transitional regime in Powell Basin at 27 Ma and we propose the end of the oceanic
spreading of the south part of Powell Basin at 25.2 Ma.

From the Oligocene to the Early Miocene, the Scotia Sea continued to form simultane-
ously with the formation of the external basins, Ona and Scan [17,42]. The formation of
the oceanic crust associated with the evolution of these basins continued to facilitate the
incursion of the asthenospheric flow into the Powell Basin.

In the Early Miocene (~22 Ma), the beginning of the intrusion of the WSDW into the
Scotia Sea may have occurred [17,42]. This took place with the final stage of spreading of
the Powell Basin in the northern area. Based on the sedimentary record, the intrusion of
the WDSW into the Scotia Sea occurred in the middle Miocene [17].

6. Conclusions

The integrated approach of new magnetic data with existing gravity, geothermal heat
flow, and sediment thickness data contribute to a better understanding of the geodynamic
evolution of Powell Basin. We propose a new oceanic spreading model using recent
magnetic data that is fully enclosed within the oceanic crust as opposed to the previous
proposed models (e.g., [7,10]).

The differences between the spreading rates, numbers, and amplitudes of anomalies
in each profile and throughout the basin indicate that the evolution of the Powell Basin was
asymmetric between the north and the south. In the southern part (profiles L5, L6, L7), our
model suggests ages from the late Eocene (38.08 Ma) to the late Paleogene (25.2 Ma). In the
north (profiles L1, L8, L2, L3, L4), the model presents ages from the late Eocene (38.08 Ma)
to the early Miocene (21.8 Ma).

According to our models, we consider that asthenospheric currents flowed into the
Powell Basin just after the opening of the Drake Passage, and we consider the existence of
oceanic crust in the Scotia Sea (~28 Ma) (e.g., [26,65,66]), weakening the oceanic spreading
magnetic anomalies and impacting the magnetization of the new ones. The intrusion of
oceanic currents from the Weddell Sea into the Powell Basin likely started at the time of
oceanic crust generation in the basin.
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